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ABSTRACT

This study discusses two simple transport models for the
evolution of the mantle and the crust. In Model I, the continents grow
by extraction of melts over the history of the earth from undepleted
mantle; the residue forms a depleted mantle, which today is the source
of mid-ocean ridge basalts. In Model II, new additions to the continents
are derived from a mantle reservoir which becomes increasingly depleted
through time by repeated extraction of melts. In developing these models,
I solved the transport equations for stable, radioactive, and daughter
isotopes for arbitrary crustal growth curves. For both models the
isotopic composition and concentrations of trace elements reduce to simple
mathematical expressions which readily permit calculations of basic
evolutionary parameters from new and published data.

New measurements of 143Nd/144Nd in chondrites yield a range in
values of 3.4 e-units (0,511767 to 0.511845), which correlates with
the variation of 2.6% in 147sm/144Nd (0.1920 to 0.1969). From these data
a new set of reference values for CHUR (“"chondritic uniform reservoir")
have been selected. The evolution of 143Nd/144Nd in CHUR can be described
by a self-consistent set of present-day values of (143Nd/144Nd)8HUR =
0.511836 and (147Sm/144Nd)8HUR = 0.,1967. Some terrestrial samples of
Archean age show clear deviations from the new CHUR curve. If the CHUR
curve is representative of undifferentiated mantle then it demonstrates
that some Archean rocks were formed from depleted sources. This may

indicate that the depleted source of present-day mid-ocean ridge basalts
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(MORB) originated very early in the earth's history.

Two Sm-Nd internal isochrons for pyroxene-gabbros of the Bay of
Islands Ophiolite Complex give well-defined ages of 508%*6 m.y. and
501%13 m.y. with initial 143Nd/1%%Nd of egy = +7.970.1 and egy =
+7.7%0.2, respectively. Total rock samples from pillow basalts,
sheeted dikes, trondhjemites, hornblende gabbros, pyroxene gabbros, and
an orthopyroxenite layer from the harzburgite give initial eygq in the
range from +6.7 to +8.3 with an average value of +7.8. However, the
initial 87Sr/86Sr within the different phases of the complex is found
to be highly variable (~ 52 e-units) and shows the effect of seawater
alteration. The magnitude of the initial eyg values (+7.8) are somewhat
smaller than for typical present—day mid-ocean ridge basalts (+10). This
is most likely due to differential evolution over the past 0.5 AE of the
oceanic mantle relative to the bulk earth.

Sm-Nd and Rb-Sr data for the Oslo Rift demonstrate that this
province which is strongly enriched in large ion lithophile (LIL) elements
is derived from depleted to undepleted mantle materials. A source with
a long history of light rare earth (LREE) enrichment can clearly be
ruled out.

Sm—-Nd data for the Archean granulite and amphibolite facies
migmatites of Langdy and Hinndy in Vester8len indicate that their
protoliths formed ~ 2.6 AE ago. Rb and U loss during a granulite facies
metamorphism at ~ 1.8 AE caused serious disturbance of total rock U-Pb
and Rb-Sr systems. Therefore these systems do not provide any precise
age information for the granulite facies migmatites. For the amphibolite

facies migmatites of Vester&len both Sm-Nd, Rb-Sr, and Pb-Pb total
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rock systems give model ages of ~ 2.6 AE.

Sm-Nd and Rb-Sr isotopic data for continental crust, depleted
and undepleted mantle, have been used to evaluate both models and yield
young mean ages for the mass of the continental crust of 1.8 AE and
1.5 AE for Model I and Model II, respectively. Both models also suggest
that the rate of growth of the continents for the last 0.5 AE is much
less than the average growth rate. The young mean age of the continents
implies either rapid refluxing of crustal materials to the mantle in the
period from 4.5 AE to 3.6 AE or that very little early crust ever formed.
Mass balance calculations for both models show that the continents were
only formed from ~ 30% of the total mantle leaving 70% of the mantle as
undepleted. The major difference in the two models lies in the difference
in the compositions of newly derived crust. For Model I the trace element
concentrations in new additions to the crust is constant and the isotopic
values are those of the undepleted mantle reservoir in agreement with
recent Nd isotopic studies. Model II implies that new additions to the
continents have the isotopic characteristics of the depleted mantle and
that the concentrations of Rb, U, Ba and other highly incompatible trace
elements in newly added material have changed by a factor of ~ 10 through
time. There is no evidence, however, for such a large change in the

concentration of these elements with time.
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INTRODUCTION

Inferences may be drawn about crust and mantle evolution from
the observed regularities in initial isotopic composition of Nd in crustal
rocks through geologic time and the modern values of Nd, Sr, and Pb
isotopes in oceanic flood basalts. Over the past few years a substantial
amount of new data have become available on the Sm-Nd and Rb-Sr isotope
characteristics of mantle and crustal reservoirs. These data have been
used to determine the times of additions of new continental crustal
materials [McCulloch and Wasserburg, 1978c] and in discussions of the
evolution of the mantle sources of modern continental and oceanic basalts.
These studies have demonstrated that the mid-ocean ridge basalts (MORB)
have been derived from a depleted mantle source [DePaolo and Wasserburg,
1976a,b; Richard et al., 1976] and that young continental flood basalts
and new additions to the continents throughout most of the earth's history
appear mainly to have been derived from undepleted mantle reservoirs
[DePaolo and Wasserburg; 1976b, 1979b]. The continents are ancient
heterogeneous bodies preserving rocks of up to ~ 3.8 AE while the oceanic
crust is young. The young age and uniform isotopic composition of oceanic
crust suggest that its isotopic character is representative of large
volumes of the oceanic mantle which are convectively mixed on a short time
scale.

New Nd and Sr isotope data on chondrites, the Bay of Islands
Ophiolite, the Oslo Rift, granulite and amphibolite facies migmatites of
Lofoten-Vester8len and the garnet peridotites of southwest Norway will

be presented. The data on the Bay of Islands ophiolite will permit an
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estimate to be made of the isotopic coﬁposition of the oceanic mantle in
the early paleozoic. The chondrite data are used to obtain reference
values for the chondritic evolution of 143Nd/ll*l‘Nd, which were previously
only inferred from achondrite data [Lugmair et al., 1975a,b]. The
simplest model for explaining the observed isotopic heterogeneities in
the mantle would be to assume that they formed in a single event [Brooks
et al., 1976a,b; Brooks and Hart, 1978]. However, as discussed by
O0'Nions et al. [1978], Tatsumoto [1978], and in Appendix 2, available
Pb, Nd, and Sr isotopic data on young basalts do not appear to fit such
a single stage model and it is not compatible with our knowledge that the
continental crust has evolved in many stages over geologic time [see for
example Moorbath, 1978; O'Nions and Pankhurst, 1978; McCulloch and
Wasserburg, 1978c]. Because of these considerations it is necessary to
analyze the data in terms of continuous or multi-episodic mantle-crust
transport models. As the depleted oceanic mantle most likely represents
the residue left behind in the mantle after continental crust-forming
events, it should reflect the time average characteristics of the evolution
of the continental crust over the history of the earth.

An analysis of two simple transport models for trace elements is
presented utilizing the isotopic abundance patterns that can be observed.
The models presented here assume that the transport is solely from mantle
to continental crust and for simplicity do not treat the flux back to
the mantle of continental crustal material, but the treatment may be
simply extended to include this. In the first model (Model I) the
mechanism for crustal growth is by deriving melts over the age of the

earth by equilibrium partial melting from undepleted mantle. In the
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second model (Model II) melts that form new continental crust are being
derived from a mantle reservoir that is continuously depleted through
time. Although the models involve rather complicated algebra, they lead to
exceedingly simple expressions for the isotopic ratios and trace element
abundances in terms of the mass of continental crust and depleted mantle
which are evolved. The models presented here apply to arbitrary crustal
growth rates in contrast to previous transport models [Patterson, 1964;
Patterson and Tatsumoto, 1964; Wasserburg, 1966; Armstrong, 1968; Hart
and Brooks, 1970; Russell, 1972; Russell and Birnie, 1974; DePaolo,
1978; O'Nions et al., 1979]. This approach is a generalization of the
treatment of nucleosynthetic time scales given by Schramm and Wasserburg
[1970]. The results may be used directly to discuss earth models using
available isotopic data and concentration data for mantle and crustal
rocks. This treatment appears to give a deep and direct insight in

the problems of mantle evolution.



CHAPTER I. BASIC PRINCIPLES

It is well established that the solid earth consists of three
major geochemical reservoirs: the crust, the mantle, and the core.
Differentiation from an initially homogeneous earth requires the
segregation into reservoirs with complementary chemistry. If a
homogeneous reservoir is differentiated into two reservoirs with different
chemical compositions, then these two reservoirs may have different
parent/ daughter ratios for the radioactive species of interest.
Consequently these two reservoirs may subsequently develop different
ratios of the radiogenic daughter isotopes relative to the stable isotopes
of the same chemical elements. Thus radiogenic isotope data on samples
of rocks derived from the earth's interior contain information about the
degree to which the earth's interior has differentiated into distinct
reservoirs. The isotopic data also put constraints on the element
fractionation patterns in the interior of the earth and thus also the
processes involved. An earth structure model based on Nd and Sr isotopic
data has recently been presented by Wasserburg and DePaolo [1979]. The
resulting structure that was inferred consists of a lower mantle that is
still essentially undifferentiated, overlain by an upper mantle that is
the residue of the original source from which the continents were derived.
Radiogenic isotopes also contain information about the evolution through
time of the reservoirs if the transport of material between reservoirs
can be modeled. Transport of chemical species in the upper part of the
earth crust, hydrosphere, and atmosphere have in general been more

thoroughly studied than the processes within the lower crust and mantle
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due to the fact that the reservoirs and their inputs and outputs can be
more directly studied. Barth [1952] first used the concept of residence
time in geochemistry in the analysis of box models for the oceans.
Since that time increasingly complex box models have been applied with
much success to describe exogenic processes. The use of box models and
characteristic times to interpret endogenic processes have received much
less attention. As the size and compositions of reservoirs within the
solid earth and the processes relating them are being better understood,
the data for the radiogenic isotopes of Nd, Sr, and Pb will be of increasing
importance in determining the time evolution of reservoirs in the interior
of the earth and in evaluating earth differentiation models, as for

example the one of Anderson [1980].

1.1. TRANSPORT EQUATIONS

The differentiation of the earth into a number of different
geochemical reservoirs may be described by a set of differential equations.
Assume that the solid earth is made up of K different reservoirs. Consider
the following species: (l) stable isotopes s which are not affected by
radioactive decay, (2) radioactive isotopes r with decay constants A,
depending on the species r, and (3) daughter isotopes d which are the
decay product of some radioactive species r. Then for each isotope

i =s,r,d in reservoir j we have the following transport equations:

dN. . K K

1] = T Fi~ T da. = B A; = 0, i=-s (1.1)
pm =1 “inj =1 “ijn i “2g A; = A, i=r1
>\i=-)\r,i=d
(Jign = O

where Nj (1) is the number of species i in j at time T, and Jj j,(7)



is the flux of species i from reservoir j to reservoir n at time T .
K K

Here 2 Jijn is the total flux of i into j and Z J
n=1 n=1

flux of i out of j. A complete description must also include differential

ijn is the total

equations for the total mass of each reservoir and equations for

conservation of species and mass.

l.2. CHARACTERISTIC TIMES

It is useful to describe the rates of transport processes between
various reservoirs in terms of the characteristic times of these
processes. The content of a species i in a reservoir may have a well-
defined age structure. Let Gij(T,E) be the amount of species i added
per unit time to reservoir j at time & and remaining at time T. Then
the mean age (Eij) of species i in j is defined as the average age of
species i1 subsequent to its addition to reservoir j of material still

present in j. The total amount of species i in j at time T is

T
Nij(T) = of Gij(T,E)dE (1.2)
The mean age is
1 T
Tio = ——— [ (1-&) G,. (1,E)dE {1.3)
- Ny 5(0) © -

The mean residence time of species i in j is defined as the mean age of
the material leaving the reservoir. The mean residence time (?ij) can be
calculated as the average of -dGij(T,E)/dT since the only contribution

to this derivative is the removal rate from the reservoir. The total flux

of species i out of reservoir j at T is calculated as



T dGij(T,E)
Fij(T) = [ |= > dg (1.4)
< dr

The mean residence time is

1 T dGij(T,E)
Ty = Jo(-g) |- ——— ) az (1.5)
Fij(T) C dt

In general the mean age and the mean residence times are different.

1.3. PROCESSES

To be able to use equations such as (1l.1) we need information
about the material transfer processes from reservoir j to n. If for
instance reservoir 2 is partially melted and the melt is transferred to

reservoir 3 and the residue left in reservoir 2 then

Niz(T) dM3
Ji23(1) = d3 ( ) (1.6)
Mo (1) dt

where d; is the enrichment factor of i in the melt relative to the source

and Mj is the mass of reservoir j. If the mathematical form of all Jinj

is known then these may be substituted into (l.1) and (1.1) may be integrated.
In general for systems with more than 2 or 3 reservoirs the solutions get
exceedingly complex. The values of the chemical enrichment factor d; may

be estimated from partial melting equations such as those of Shaw [1970]

if the relevant mineral melt distribution coefficients are known. In

chapter 2 these principles were used for two simple mantle-crust transport

models with unidirectional transport.



l.4. DATA REPRESENTATION

The bulk earth reservoir used as a reference for the Sm—Nd system

(CHUR) has a chondritic Sm/Nd ratio with (147Sm/144Nd)8HUR = 0.1967 and

143N4/144Nd ratio today of INd (0) = 0.511836 (see chapter 3.1).
CHUR

143Nd/l44Nd in CHUR at any time T in the past is given by

147 o
Nd Nd Sm AT _
Icgur (T) = Ichur (0) - (e”Sm 1) (1.7)

where ASm = 0.00654 AE—l. The bulk earth reference reservoir for
Rb-Sr (UR) is taken to have (87Rb/86Sr)%R = 0.0827 and the value of

875r/86sr in UR at any time T in the past is given by

87 °
I8 (1) = 1§E (0) - Eifﬁl (e’rbT - 1) (1.8)
Sr UR

where IS;(O) = 0.7045 is the value in UR today [DePaolo and Wasserburg,
1976b] and A, = 0.0142 AEL.
Following DePaolo and Wasserburg [1976a] the 143Nd/144Nd ratio in
a reservoir j at time T is expressed as the fractional deviation in parts
in 10% from that in CHUR at time T and denoted by eNd,j(T)' Let
I?d(T) be the 143Nd/1%4%Nd ratio in a reservoir j at time T, then we have
T
ena, (V) = 104 | S—— -1 (1.9)
Icaor (T)
Initial 143Nd/14%4Nd ratios for a rock may be expressed in e€-units
relative to the CHUR curve using equation (1.9). Then Igd(T) is the

initial value determined by an internal isochron as calculated from the
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present-day values of 143Nd/144Nd and 147sm/144Nd of the rock and an
independently determined age. The measured present-day values of
143N4/144Nd in rock samples relative to INd (0) are also often given in
CHUR
e-units and are denoted €y (0). The 1476/ 14454 ratio in a
reservoir j is expressed as the enrichment factor relative to CHUR

£Sm/Nd _ -1 (1.10)
' 147 114k 1 ©
. (CHsm/ 2N g

For Rb-Sr we will use similarly defined €g,. and values. This

r
notation may also be extended to the U-Th-Pb system and the appropriate
bulk earth reference values are given in chapter 4.
Model ages TNd and TST can be calculated relative to these
CHUR UR
reference reservoirs [McCulloch and Wasserburg, 1978c] and date the time
in the past at which 143Nd/144Nd and 875r/80sr ratios in the samples were

identical to those in the reference reservoirs CHUR and UR, respectively.

The model ages are given by

p—

N 143, . ,144
Nd 1 : Icgur(0) - (T °Nd/” 7 'Nd)y
Teur = 1. 1n |1+ (1.11)

(¢]

Sr 87. ,86
Sr 5 Iyr(0) = (T'Sr/ "Sr)y
Tur =3\‘I€— 1n 1+ (1.12)

® (87rb/805r) 1 - (B7RB/BOsI),,

where the subscript M denotes the ratio measured in the rock today.
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CHAPTER 2. MANTLE-CRUST TRANSPORT MODELS

2.1. MODEL T

Consider first a model of crustal growth from an undifferentiated
mantle reservoir (reservoir 1) with a given segment of the mantle being
differentiated to form two reservoirs: a depleted mantle (2) and a
continental crust (3). The model is shown schematically in Fig. 2.1.

Define P%, Ni,j’ and Ci,j to be the total mass of reservoir j, number

of atoms of species i in reservoir j, and the concentration of species i

in reservoir j respectively. Differential masses added to or subtracted from
the total reservoir j are denoted by 6M5. The number of species i and the
concentration of i in the differential mass 6Mj are denoted by sNi,j and Ci,j
respectively. Let us assume that a mass{&M1 is removed from reservoir 1 and

a partially melted fraction F is extracted from this differential mass to form

new crust with added mass:ij and a new residual mass 6M2 is added to the

depleted mantle. This gives 6M3/6Ml = F and 6M2/6M1 =1-F. It is
imagined that mantle reservoir is diminished in amount by mass 6M1. The

mantle reservoir is diminished in amount by mass &M The

1°
mass 6M2 is added to the depleted mantle which is assumed to be otherwise
isolated from the remaining undifferentiated reservoir (1).

The number of atoms of species i in each differential mass j in

this unit process are 6Ni 4 which gives
5

6Ni = 6Ni,2 + 6Ni,3 2+ 1)



11

Figure 2.1, Cartoon showing the processes in Model I and Model II.
Model I is a three layer model consisting of undepleted mantle (1),
depleted mantle (2), and continental crust (1) as indicated umder
the final state. In Model I a given segment (the differentiating
layer 6M1) of undepleted mantle (1) is being differentiated by
equilibrium partial melting and added to two reservoirs: a
depleted mantle (2) and a continental crust (3), It is assumed that
a differential massvsld1 is removed from reservoir 1 and a partially
melted fraction F is extracted from this differential mass to form
new crust with added mass 6M3 and that a new residual mass 5M2 is
added to the depleted mantle. 1In this differentiation process the
masses of reservoirs 1, 2, and 3 are conserved, The masses of the
depleted mantle and the crust increase with time and the undepleted
mantle decreases with time. The upper boundary of the undepleted
mantle is thus lowered and the volumes of both depleted mantle and
crust increased. These stages are shown in the second and third

columns. In Model II the crust grows from an initially undifferentiated

mantle reservoir (2) which is depleted at all times subsequent to

the initial chemical differentiation as a result of continuing

crustal growth. This reservoir may make up all or part of the

mantle, Layers 2 and 3 are thus the only active regions in this model.
The remaining undifferentiated mantle is passive and is still indicated
as layer 1. In this model it is assumed that a differential mass

6M* of reservoir 2 is being differentiated into a melt 5M3 which is
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added to the continental crust and a residue 6M§ . The degree of
melting F is taken as finite. The residue after removal of a melt
fraction from reservoir 2 is assumed to be homogenized
instantaneously with the remaining part of the depleted mantle.

The total mass of reservoirs 2 and 3 is conserved; the continental
crust increases in mass with time and the depleted mantle decreases
in mass with time. In both models the depleted mantle is taken

to include the basaltic part of the oceanic crust since it is
derived from the depleted mantle and is subducted back to the

depleted mantle at a short timescale (< 0.2 AE),
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The number of species i in the differential mass 6P% may be written

6N, . = c, j6Mj . Conservation of species and mass gives

€i,1 = Ci’z(l-F) + ci’BF 12.2)
Trace elements are fractionated between melts aﬁd residue with an
effective partition coefficient. The effective partition coefficient Di
for element i between the residue (6M2) and the partial melt (5M3) is

defined by.Di = ci,2/c1’3. The concentration in 6M3 is

€1,1 i,2

1,3 F+ D, (1-F) = D, (2.3)

c

The number of species i in the differential masses j may thus be
expressed in terms of their masses 6Mj and the concentration in

reservoir 1 since c. =C

(P B i1’
6N, | = P1,5%,1 — &M Dy,i7P1°3 =2 -
i,j F+D,(A-F) "3 |Dy 41 3 =3 4)

Consider the following species: (A) a stable index isotope s
of an element which is not affected by radioactive decay; (B) a
radioactive isotope r with decay constant \A; and (C) a daughter isotope d
which is the decay product of r and of the same chemical element as s.
The transport equations for the total reservoir j containing the

number Ni 3 of each isotope i = s,r,d are:
9

=0, 1=s

dNi j(T) 6Ni i i
2 = I - = =
aT 5T hiNr,j(T) Ay =A,1=1 (2.5)
=—}¥’i=
where dNi j/d-r is the time derivative and 6Ni j/57 is the flux of species
9 ]
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i into reservoir j.- In this treatment §T is the time over which mass
aMlis differentiated at time T. FYor simplicity we have chosen to ignore
transport between 2 and 3. Using the expressions for 6Ni,j in terms of
Ci,l and aMg and calling 6Mj/67 = hg(T), qhich is the rate of mass
growth of reservoir j, the basic transport equation for Model I is
obtained,

i TR O e T i 2.6
’ = 3 3 1 - .
dT F + D, (1-F) My(m) = Ay N 5 (D (2.6)

where Di j and Xi are defined as in (2.4) and (2.5). The first term on
9
the right hand side of (2.6) is the transport-term and the second term is

due to either radioactive decay or production. The general solution of

equation (2.6) for a stable index isotope is:

_ s T :
Ns,j(T) B frifﬁz%I:Fj 6f Cs,l(g) Mj(g)dg 27

The equation was integrated with the assumption that the time
T =0 at the time of initial chemical differentiation of the earth and

Ns j(0) = 0. The earth is taken to be initially homogeneous.
’

The undifferentiated reservoir is characterized by a closed system

behavior for intensive quantities so that the concentration for species

s, r, and d are:
Cs,l(T) = Cs,l(O) (2.8)

C, (M =c_ (0 e AT (2.9)

Ca,1(™ = G4 1(0) + ¢ 1(0) [1 - &) (2.10)
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The relationship between the masses of reservoirs 2 and 3 is
given by M3(T) =[F/(1—F)]M2(T);> Substituting (2.8) into (2.7) gives the

following general solutions for stable isotopes in reservoirs 2 and 3:

DSC ’1(0)

No,2(M = 7% D_(1-F) M, (T) (2.11)
Cs,l(o)

NS,S(T) = m M3(T) (2.12)

The above equation for a stahle isotope in the crust may also be written
as Cs,3(T) = Cs,l(o)/IF + Ds(l—F)] which is equivalent to the equation
for equilibrium partial melting derived by Consolmagno and Drake [1976]
which showed that previous equations given by Shaw [1970], Schilling [1971],
and O'Nions and Clarke [1972] all reduce to this general form.

The solutions of (2.6) for radioactive isotopes and daughter

isotopes are

D_ e c, 1(0)
- 3
N2 = T an ™ (2.13)
e—AT Cr l(O) 214
= - il
N 3(M =53 D_(1-F) M (T) (2.14)
F+Dd(1—F) Dr "
Dy Cd,l('r)Mz('r) + kCr’l(O) Fﬁ:u‘-ﬁ(ig)'l of MZ(E)exp[-)\E]dé 155
Ng,2(m = F + D (1-F) .
F+Dd(l—F) "
Cd,l(T)M3<T) + XCr’l(O) i;ﬁ;}j:gy -1 6f M3(€)EXP[-l€]d€ -
Nd,B(T) ! F + Dd(l_F) g ( . )

where D = Dd since d and s are isotopes of the same element and Cd 1(7)
S )

is given by equation (2.10).
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The enrichment factor of the ratio of a radioactive isotope to a
stable isotope in a reservoir j relative to that in reservoir 1 is called
r/s : ; - e .
fj/ . This enrichment factor is the same both for new additions to j and

for the total reservoir j and it is defined by

WG

x ol | (2.17)
3TN (7N (@

For this model the enrichment factor is independent of time and is given by
cris D\ F+D(1-F) (D_ r/s ) 15
2 *1=\s ) F¥o.am ~\p) ¥ *D (218

As DS = Dd , the ratio of a daughter isotope to a stable reference

isotope of the same element (with no parent) in each reservoir is given by:

r/sk
Na, 3 (M Fy 1(D I L s T , ,
Ns,j('f) Ns,l(T) Ns’l(‘r) Mj(T) of Mj(E)exp[ (7-g)]dg (2.19)

*
In terms of deviations ¢

d,J

the undifferentiated reference reservoir we obtain the final equations

(1) in parts in 104 from the ratios in

to be used in calculations for this model for arbitrary rates of

growth of the crust and mantle

* r/s
" Q (1) £ . .
sd,j(T) = Mj(T) o‘[' Mj(E) exp[A(T-8)1dE (2.20a)
and /
* r/s
(1) £
€4,3*") _ 3 -

r/s

4,2 &
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where N_ . (T)
10“;\ <_£:_1.__)

(2.20c)

The time parameter ¢ is the time running forward from the initial state

[cf. equation (2.7)] and the time measured backward from the present will

P %
as usual be called T [see Fig. 2.2]. Here ed,j(T) = ed’j(To-T) = ed,j(T)
where T = TO—T and 'I‘o is the age of the earth today and €4 j(T) correspond
]
to end and €gy 85 defined by DePaolo and Wasserburg [1976a,1977]1. The
" "

asterisks denote the functional form of the deviations '"e," relative to a
time variable with an origin at the time of formation of the earth.
Similarly define QZ(T) = Q:(TO—T) = Qd(T) and note that Qd(O) is equal

to the constants QNd and er used by DePaolo and Wasserburg [1976a, 1979a]
for the Sm/Nd and Rb/Sr systems respectively. If AT € 1 then we hawve a
good approximation that QZ(T) = Qd(O). Note that the values of

Ez,j are the average values in each reservoir. Insofar as each new added
segment was isolated, the'added segment would follow its own evolutionary
path governed by its initial state. This model has the property that new
crustal and new mantle material would at the time of addition have the isotopic
values of the undifferentiated reservoir (1). Magmas derived from
subsequent melting of the crust or the depleted mantle would have

distinctive characteristics at a given time. For a constant rate of

crustal growth equation (2.20a) takes the following form

(2.21a)

* r/s
e* = Qd(t) fj eAT -l )
d:j o A T

and if At € 1 this equation reduces to
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/s

* * r T
€4,;( = QQ & 3 (2.21b)

The average time of residence (f) of a stable atom (s), which is
not produced by radioactive decay, in reservoir j (j = 2 or 3) at a time T

is, using equations 11 and 12:

SN
F 4 = < - 1 3
g 5 = (=D GNS,j(E)/Ns,j(r)) - o-rT (t-£) <_Sz_.l> e

S 8,] °%
- o [T (mOM (DdE = i [T M (Daz (2.22)
M () 3 Mo(r) J 7 )

It is here assumed that there was initially no crust or depleted
mantle so that Ns j(O) = Mj(O) = 0. Expression (2.22) is equivalent
b

to the average age as measured today of continental crustal material if

T To’ the age of the earth, otherwise it is the average age as measured

T

To - T years ago. Note that for this model Z; i is the same as the
H

average age of the crust or depleted mantle and is independent of the

species or of the reservoir. The subscripts on Z may therefore be dropped

for this model.

Defining
1 T n .Efi n T n-1
& =y T 0t g ) & =3y [T e T Mo (2.23)
3 o q o

where n is an integer, then the integral in (2.20) can be written

in the following form

S T - ok T 32. _\D
L 2y JTNE eehenlae s gy [0 E oy 0T me
- An-l
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Then it follows from equation (2.20) that

n-1

n!

@y £/ g A
4 J n=1

m
*
~

-
~

]

<zn> (2.25)

2 .3
or(n) ££/5 by [1+;\<3)+x(t>+____}
a7 % 242y 6¢eh

Note that for long-lived isotopes with AT < 1 we get to a

good approximation that

% ok r/s =
eq 3 (0 = Qo) £/° T
or (2.26)

€4,5 (T) = Qu(T) f§/s z

as T = (£

r/s
J

T = To - T years ago, then the only information we can obtain is the mean

If we can measure ez’j(r) and f for a very long-lived isotope at
age of reservoir j as measured T = To - T years ago. The resulting mean
age is independent of which very long-lived species is used. This is
independent of the rate of growth of the mass of reservoir j or the rate
of transport of species i. This general treatment gives an integral which
resembles a Laplace transform of’P%(T) with a transform variable )\. This
would permit a unique inversion for M%(T) if the transform was known for
all values of A. Insofar as there is only a limited number of decay
schemes, a unique inversion is not possible although a substantial amount
of information may be deduced. Ij(T) have been calculated for a constant
rate of crustal growth for various parent-daughter systems (Table 2.1) for

T = 4.55 AE and thus a mean age of the mass of j of 2.275 AE. The isotopes
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147Sm, 87Rb, 187Re, 176Lu, and 232Th all have mean lives that are

sufficiently long so that Ij('t) ~ L as shown in Table 2.1l. The concordant
results obtained for Rb-Sr and Sm-Nd single stage ages

for the oceanic mantle in Appendix 2 clearly do not represent a unique

time event but an average age and the concordance for Model I is a

consequence of the long mean liwves of both 147Sm and 87Rb. Inspection of
Table 2.1 shows that 238U has a significant deviation from the case with

40 235 ; . .
A =0 and K and U are greatly different from this case. These species

have sufficiently short mean lives that the higher order terms become
important and the equations are no longer redundant. From this result
it is clear that the detailed history of the early earth must be derived
from the latter two decay schemes. These different decay schemes when
taken together yield information on the detailed time evolution by

measurement at a single point in time.

The mean age £ shows the relationship

at _ Z [am 7 [ dinM

dt 1.“'1‘? <dt>—l ( dt ) (2.27)
so that for (dM/dt) > 0, (df/dt) <1, When (d/dt) = O it follows that
(df/d1) = 1. We also note that (d€nf/dt) = -(dlnM/dt) and that
(df/dt) =0 if (dlnM/dt) = (1/%). This is shown schematically
in Fig. 2.2. It follows from equation (2.27) that a similar

relationship must hold for the e=value for all systems involving very

long-lived isotopes, If we know £ as a function of time and the mass of
the crust today then we may calculate the mass of the continents as a

function of time from the following equation



Table 2.1. Values of Ij (t) at T =

22

4.55 AE for various parent/daughter

systems for a constant rate of crustal growth with a mean

age of £ = 2.275 AE.

Radioactive Decay constant (AE—l) I, (1) (AE)
parent J
- 0 2.275
Ulen 0.00654 2.30
80 0.0142 2,32
1875, 0.0161 2.33
1255, 0.0198 2.34
2320, 0.049475 2.45
438y 0.155125 2.92
40g 0.5543 6.39
235y 0.98485 18.77
gy 8.48 1.44 x 10%°
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FigureZ.Q- Cartoon showing the relationship between a mean age4f and the
corresponding mass growth curve M3(T) for the crust. Two time
variables are shown where T is the time measured from the origin
of the earth and T is the time measured backward from today. The
vertical dashed line is shown for a time T = t years after the
origin of the earth which corresponds to a time To - t years ago. Curve A

shows the mean age of the mass of the crust iﬁ 3 versus time 1. The
2

breaks in curve A correspond to the breaks in MB(T)- Rapid addition
of new material implies a rapid decrease in Eh,B of the

continental crust. For periods where no significant new mass is
added (dZVdT) = 1., This is wvalid for any model. For models as

Model I where the concentration of stable isotopes does not vary

with time Eh,3 is also the mean age of any stable isotope 22,3 in the
crust. For parent-daughter systems with At < 1, Zﬁ’3 is also the
mean age of the parent and daughter isotopes in the crust (i.e.,

2& =1 =T ). Curve B shows the case where a stable isotope
s 3 d,3 ;3

is strongly enriched in the crust earlier in time and the
concentration in the bulk crust decreases monotonically with time.
This weights the older material more strongly and raises the value

of T above Zh (curve A). The curve £, for Model II has a
5, 3

3 s,3

more subdued behavior compared to Model I for more recent additioms.
Similarly, if a long-lived parent is much more strongly enriched
than the daughter in the crust then the factor‘2¥/s shows a
behavior like that of curve B. Subsequent to T = t no mass is added
so (df/dt) = 1 for both curves for the time interval 1 = t to

T= To. The difference between the two curves is given by

equation (2.66).
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M. (1) ( )Z(T°) [
T) = M, (T exp -
3 3o Z(1)

%o &] (2.28)
T Z(E)

where To is the age of the earth as measured today.

2.2. GEOMETRICAL CONSTRAINTS FOR MODEL I

The mechanism for crustal growth in this model is by deriving melts

from undepleted mantle. The mass transfer from a deep-seated undepleted
reservoir may occur through rising blobs. At shallow levels in the mantle

the blobs may intersect the solidus and be partially melted (Fig. 2.3).

However, only a fraction B of the blobs may rise underneath the continental
crust and contribute to crustal growth. The remaining fraction of the blobs
(1 - B) rise underneath the oceanic crust and may contribute to oceanic volcanism.
However, these may be mixed back into the mantle with a short time scale

(< 0.2 AE) owing to the rapid turnover in the oceanic mantle implied by
seafloor spreading and not become attached to the continents. This would
correspond to adding undifferentiated mantle to the depleted mantle. The
possibility that undifferentiated mantle in this way gets mixed with depleted
mantle may easily be incorporated in the equations for Model I. It is
assumed that a differential mass 6Mi, is derived from reservoir 1 and adds

a differential mass GMS to blobs underneath the oceans and 5Mé to blobs

and 5M;/6Ml = 1 - p where B is the probability that a mass taken from
reservoir 1 is directed toward a continental segment. The blobs underneath
the continental crust are partially melted to a dégree F and thus the
differential mass added to the crust is 6M3 = FSME and the corresponding
residue R of 6M§ = (1—F)6Mé is left in the mantle and remixed. The

blobs 6M3 which rise in the oceanic regions will also differentiate but
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Figure 2.3. Cartoon of the mechanism for crustal growth in Model I.
The mass transfer from a deepseated undepleted reservoir may occur
through rising blobs. At shallow levels in the mantle the blobs
intersect the solidus and may be partially melted. The density
of dots in each reservoir reflects the concentration of LIL

elements.
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are not isolated and are taken to be remixed consistent with the general
scheme of model I. The contributions of 6M6 to reservoir 2 are thus not
depleted. 1In this process a mass,&M2 = GMS + éMﬁ is added to

reseryvoir 2, Conservation of mass and species imply

that the concentration of i in the crust ¢ 3 is given by Ci 1°
b . 9
¢ 3[F + Di(l—F] as before (equation 2.3).However, the relationship
9
between the rates of growth of the crust and depleted mantle and the

composition of the depleted mantle will be changed. The relationship

between the masses of reservoirs 2 and 3 is given by

My (1) = M, (1) [Tig‘éf] (2.29)

In this case we have from mass and species conservation that
; = Cc, + B, - h C. i he effective concentration
C1,1 c1’3BF c1,2(l BF) where cl,2 is t
in the total material added to layer 2 in masses &Mg and 6M§. The

concentration of species i in reservoir 2 is given by

& , F(-p) + D;(1-F)
¢, ; (TFIF+D,(I-P]

(2.30)

where (&, ,/C. ,) > D./[F + D,(1-F)]. This version of Model I changes
T2 el i i
equations (2.3), (2.4), and (2.6) for reservoir 2 and gives
(8N, ,/87) = & ,(8M,/67) in equation (2.5). All the equations for the
i,2 i,2 _
continental crust will be the same as those derived previously. For

reservoir 2 the transport equation corresponding to (2.6) is

dN F(1-g) + D, (1-F)

i,2 _ g _
dt - (1-FB)'[F+D1(1—F)] Ci,l(T)MZ(T) )\iNr,Z(T) (»2.31)

The solution of (2,31) for a stable isotope is
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F(1-p) + D_(1-F)

Ns,2(0) = (1-pF) [F+D_(1-F)] Cs,1(00¥, (1) (2.32)

and corresponding changes for radioactive and daughter isotopes have to
be made in (2.13) and (2.15) given previously. The enrichment

factor as defined in (2.17) is then given for reservoir 2 by

¢r/s _ | E(1=B) + Dr(1-F) Ds (1-F)

F +
2 T|F@p *+ D A-H||F+ D (I-F | ~ 1 (2.33)

and this value should be used in equation (2.19) and (2.20), respectively.
From the mass and species conservation equations given previously for

this case written for radioactive and stable species it may be shown that

C
(B—l)f;/s + B [1- (E’-’_’é) F]

= r,l F 2.34
Ds C 1-F >0 ¢ )
( r,3> Fp + fr/s
C 2
r,l
Since 0 < F(C_ .,/C_ .) <1, it follows from (2.34) that for
r,3' r,1
f;/s<0and0<D <D <1 that
T s

Cr 3 r/s

B>(C’ )Fs>-—f2 (2.35)
r,l

and for f;ls >0 and 0 < DS < Dr < 1 we have that
fr/s
2
B> ——— (2.36)
f;/ S+
Thus given a value for f;ls this may put serious constraints on

the value of B. If for example the continents always occupied 1/3 of

the surface area and if the continents only grew from rising material
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by this geometrical consideration then B would be 1/3. Were it possible

to show that B is very different from this, then this would indicate

that the geometrical considerations were not controlling the rate of
continental growth and some sweeping or disaggregation process was

required. Note that the case with B < 1 has many similarities with

models involving refluxing of material from the crust to the depleted
mantle. If a fraction 1 - B of new additions to the crust is always
immediately subducted back to the depleted mantle, then the exact solution
of this problem is also given by (2.29) to (2.36) above. Similarly,

these equations also describe the case where a fraction 1 - B of the

melt is always trapped in the residual solid. The conceptual pictures in
Fig. 2.1 and the descriptions of Model I in the text does not fully describe
the variety of physical circumstances which are represented by the equations

derived for Model I.
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2.3. MODEL II

Consider a model where the continental crust (3) grows

from an initially undifferentiated mantle reservoir (2) which is depleted
at all times subsequent to ¢ = 0 as a result of crustal growth. This
reservoir (2) may make up all or part of the mantle.

Define a reference reservoir (1) which corresponds to the

total of reservoirs 2 and 3. Initially the whole mantle is supposed to be
homogeneous and undifferentiated. A remaining portion of the mantle which
is not involved in crust formation may remain isolated and undifferentiated.
This reservoir will follow the isotopic evolution of the reference
reservoir (1) but otherwise has nothing to do with the model. The model
is shown in Fig.2.1, Let us assume that a differential mass is removed
from reservoir 2 as a partial melt to form new crust and increases the
mass of the crust by 6M3 and decreases the mass of reservoir 2 by

6M2 = -6M3. The concentration of an element i in the partial melt at
time 7 is Ci,B(T)'

There are two different cases of this model that merit discussion.
A) Assume that the differential melt 6M3 equilibrates with all of
reservoir 2. Then the mass of the residue is all of reservoir 2 and the
degree of melting F = 6M3/M2 must be a differential.
This means that for an element i with bulk distribution coefficient
Di = 0 all of the elepent woq}d be transported into the crust as soon
as any differential melt formed from reservoir 2, This does not seem
physically realistic. B) Assume that a differential mass §M* of reservoir

2 is differentiated into a melt §M, and a residue aMﬁ_with the degree of

3
melting F being finite. Case B seems physically more realistic than A.
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For case B,we have that 6M3/6M* = F and 5M§/5M* = 1-F. The residue
after removal of a melt fraction from reservoir 2 is assumed to be
homogenized instantaneously with the remaining part of the depleted
mantle. Conservation of species and mass gives Ci,z(T)sM* = ci,3(1)5M3 +
Ci,R(T)6M§ and since °i,R(T)/°i,3(T) = Di.it follows that
Ci,3(T) = di Ci,Z(T) where

=1 2.37
% =¥ % D, (1-9) (237

This case thus corresponds to the melting law in Model I. The
difference is that in Model II the residue always has to be homogenized
with the remaining part of the mantle reservoir it is derived from and
this reservoir is continuously depleted, Case B will be used in the
following discussion,

The number of species i in the differential melt (6M3) that is
added to the crust is given by

oM
_ _ 3
6Ni’3(7) = Ci,B(T) oMy = d; ﬁ;?;Y Ni’z(T) (2.38)

If 6T is the time over which the mass 6M3 is added to the

continental crust, then the transport equations for reservoirs j = 2,3 are

=0 i=3s
dN, .(T) . 8N, i ’
_ 1,37 _ 4331 (__&Lé) - - ;=
e (-1) = Y I R (2.39)
., =-A_, 1=4d
1 Tr

For simplicity mass transport from 3 to 2 is again ignored,

Using the expression for 6Ni 3 and calling 5M3/51 Mé(r) the following
: 9

basic transport equations for Model II are obtained:
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dN, . (7) M!(T)
1,37 _ 4,31 3 "
ar = (-1) d; M, (1) Ni,z(") Ay Nr,j(") (2.40)

The masses of the total reservoirs 2 and 3 must satisfy

M, (1) + My(1) = M,(0) (1) = - M3 (1) (2.41)

The integrals of the transport equations for a stable species s

in reservoirs 2 and 3 are

M, (7) ds
NS’Z(T) = NS,Z(O) E;?67~ (2.42)
Ns,3(T) = Ns,2(0) - NS’Z(T) (2.43)

Equation (2.42) for a stable isotope in reservoir 2 may be written

in the following form

My (1) @, - 1

Cs,2(T) = €5 »(0) {1 " %, (0)

This expression has the same general form as the equation of Shaw [1970]
for the solid residue after modal fractional (Rayleigh) melting, however
ds takes the place of the inverse bulk distribution coefficient and the
degree of crust formation MB(t)/MZ(O) takes the place of the degree of
melting.

The solutions of equation (2.40) for radioactive and daughter
isotopes are

d
M, (1) T
=-AT 2
N_ (1) =N_,(0)e [————M (0)] (2.44)

r,2 I,
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AT

Nr’B(T) = Nr,2(0) e = - Nr’z('r) (2.45)

M, (£)7(d_~d_) My ()¢
= 2 - s
Nd,z('r) = [Nd’z(O) + NI,Z(O)AOIT [MZ(O)] r s’ exp [ lE]dg:] [MZ(O) (2.46)

Nd,B(T) = Nd’z(O) + Nr,z(O)[l - e-m

- 2.47
where dS = dd since d and s are isotopes of the same element. The

ratios of a radiogenic isotope to a stable isotope for the two reservoirs

are

(d_-d_)
N T N N T) M (E)]'r s
d,z( _ d,l('f) )\_1'_,1_(__ T {1 _ [2_] } exp[MT-£)]dE (2.48)

NS’Z(T) Ns’l(T) - Ns’l('r) : M, (0)
J'T{ [Mz(g)](dr_ds)} ceeya | (20
1= exp = .
A A . L M, (0)
NS,B(T) Ns,l(T) Ns,l(T) [MZ(T):I(—dS)
LN,

From equations (2.17) and (2.42) to (2.45) the enrichment factors of
the ratio of a radioactive isotope to a stable isotope in the total

reservoirs 2 and 3 relative to that in reservoir 1 are given by

(d_-d))
M, (1) r s M3(T)
2 ——— —
f;/S(T) - [MQ(O)] =1 asexp[}(dr—ds) ¥, (0) 1 (2.50)
-d )

fr/s(r) M (T)] ( ds M., (1)
-———‘2 = - ‘ - d ——3 ] 2+51)
bl ol IR IS -c <
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where the approximations hold for the mass of the crust much smaller
than that of the depleted mantle [(M3(T)/M2(0)) < 1]. Equations (2.48)
and (2.49) may be written in terms of deviations in parts in 104 from

the reference reservoir 1l:

3, = og(m) " £5/°(8) expln(1-£)1az (2.52)

fg/s('r)

e* (1) = % (1) —F/—
d,3 d,2 fz/s(T)

(2.53)

where Qﬁ(r) is defined by equation (2.20). Equations (2.50) to (2.53) in
conjunction with (2.37) are the basic equations for calculations with
this model for arbitrary rates of crustal growth. In this class of
models the average enrichment factors are a function of the time and
correspond to a time dependent chemical evolution. For AT < 1 the
deviations Eg,j are then proportional to the weighted time average of

the enrichment factors (f;ls) and given by

r/s

%, = @ & @y (2.54)
fr/s(T)

e} (0 = Q5 f—i/—é—z—) GO (2.55)
2 T

This means that the simple species independent time averages which govern the
e function for models of type I no longer apply and an average age is
not directly applicable to reservoir 2.

In this model the depleted mantle is assumed to always be

homogeneous. For the crust the equations give the average values. If
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each new addition to the crust is isolated, then the new individual
segments follow their own evolutionary path. The initial state of new

additions to 3 at time T' are given by

d
fB oy o K retlBy s
fnefv(T ) = 3. £ ") + 1] = 1 (2.56)
Eé‘,new("') = 63’2(7') (2.57)

and subsequent evolution will follow

Q3(m)

08 ) femp (-] - 1) (2.58)

* = %k '
€d,new(7) ed’3(7 ) =+

This model has the property that new crust would at the time of

addition have the isotopic values of depleted mantle (2) and the

interpretation of TESUR model ages [McCulloch and Wasserburg, 1978c] of
new crust would depend on the detailed history of reservoir 2.
For this model we may again define the mean age of species s

in the crust (3) by

- 1 ¢ d¥s 3 1 T
z il (r=f) ==—t= 4§ & je—u—r N_ ,(E)dE (2.59)
s,3 NS,3(T) dr dg NS,3(T) oI s,3
and the mean age of the mass M3 by
By 5=y [T (0 My0dE = g [T M0 (2.60)
53 M3(T) ¥ 3 Ms(x) o 3 ’

The mean age of the depleted mantle reservoir (2) may not be
defined in the same manner. Note that for model II,NS 3(1)/M3(T) is not
3 . .
a constant independent of T so that £ i Zﬁ . The result of this
8,3 53

is distinct from Model I and is shown schematically in Fig. 2.2, Using
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equations (2.43) and (2.59) we may write

d
M, (E)7 s
- 1 T ‘ 3 }
z = l1-4{1 -——— dg
8,3 M3(TTS o'r 1 { MZ(O) }
1- {1 )

M. (&)
1 T 3
~ dSM3(T) oj‘ {1 = exp[—ds ——MZ(O)]}dg | (2.61)
1 - exP[‘ MZ(O) ]

assuming that (Mq(T)/Mé(O)) <1 1in the second expression. In the case that
[dsM3(T)/M2(O)] < 1 then 15’3 P IM,B' If [dsMB(T)/MZ(O)] > 1 for
T > T* then T ~ const + (T - 1*%) for T = T* and (df_ ./dt) = 1.
s,3 s,3
This corresponds to the bulk of the species s being transported into the
crust by time t* after the formation of the earth. The mass transfer
is then subsequently decoupled from addition of the trace element s
and the average age of the mass 2h 3 may be substantially younger than
9
2; 3 as the different trace element abundances of the crust change with
9

time. The difference between Z; 3 and Z& 3 is of interest and may be
3 b

evaluated quantitatively. We have

. M, (1) y s M3(E) &
i 3M3(t)—M3(E)+ My @[~ 4 ’_n2<o)] - myem[- 4, —Mz@)]

M, (1)
3
;l - exp[— ds W]énf}h)

-2 n-2
d -2 ® n d M (1) \™ dM(z))
5 : (-1) s 3 - s 3 7
[M2(0)] S5 o ["3(1) ( M, (0) ) M3(£)< M, 0) J; =

' - e [ o 2]

Ly, 37,3 " (2.62a)
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If ds < 0 it may be seen that xs’3413 3 < 0. This expression converges
rather well even for large values of ds[M3(T)/Mi(O)] (€ 2). In the limit

for small ds/Mé(O) we have rather precisely

% 57
s,3 M,3 1 T -

1, (0)

(2.62b)

so in this approximation:f ;ZM >0 for d > 0. For a model of 3 constant
s,3 33 s

rate of crustal growth we'obtain

d M (1)

IM g~ 12 M 12 M_(0) °© (2.62¢)

which gives a difference of 0.65 AE for ds = 100 with MB(T)/MZ(O) = 0.0174.

It follows that for dS & 10 there are only small differences in the mean ages.
Note that the expressions for ¢* (2.52, 2.53) may be written in a

form analogous to that for Model I. Inspection of equations (2.61) and

(2.52) show that 33 o may be written as
9

€5 (0 = () /5 F, (2.63)

where

v (€580

- _ 1 r/s 2
Z = e f (EYAE = e (2.64)
£/s " gl5 () I' ££/5(x)
r/s

The factor E;/s is the time weighted average of f2 for reservoir 2. If

dr—dS > 0, this is equivalent to the mean age of an element r/s with a

r/s'

distribution coefficient dr/s = dr_ds and an enrichment factor f2 Note
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that 2;/5 is explicitly dependent on the particular parent daughter

system as distinct from the case for Model I. If the differentiation

took place in only a single event, then E o = Eﬁ . More generally there
r/s »3

will be a difference between z?/s and Eh 3 which may be calculated from
t]

d
o S T
Lis ~ s P o J MDD - M@ 1d (2:55)

The derivation of expression (2.65) follows that given previously for

I - zﬁ . For a model of constant rate of crustal growth we have
5,3 53

(d_-4d )M3(T)
- oy (=3
Lots ~ zM,3 SR T M, (0)

T (2.66)

If [(d ~d)M(1)/M(0)| < 1, then equations (2.50) and (2.52) may

for very long-lived isotopes be approximated by

Q5 (DM () _
5,200 %" (4d) Ty 3 (2.67)
and -
M, (T
les(“ ~ - (d-d) Mz(O) (2.68)
If it also holds that [d M,(1)/M,(0)] 4 1, then
£1/5(r) mak - 1
3 Ve T (2.69)
and

d
63’3(T)~ Qg(r) [d—r - 1] ’tM,3 (2.70)

s
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An important special case is when (dMg/dT) is a constant. In
this case M3(T) = [M3(To)/To]T and defining K; = [(diMS(To))/(ToMZ(O))]

then for very long-lived isotopes

l—exp[-(Kr—Ks)T]
eg 2(T) = —Qg(T) T - X K (2.71)
. r s
fg/S(T) = exp[-(K_-K )] - 1 (2.72)
f;/s( ) ) |
r/s e exp(Ksr (2.73)
f3 (1)
et (1)
=_4d,2 2.74
Ed,3(T) l-exp(K 1) . !

There are two different classes of solutions depending on whether
(dr-ds) is negative (as for Sm-Nd) or positive (as for Rb-Sr). Examples are

shown for Rb-Sr and Sm-Nd in Fig. 2.4 and 2.5, respectively. For short

times we have in both cases that Ez 9 « 72 and 53 3 © T, For long times
H 9

. t
% -Q% (T- - ”
we get sSr,Z ~ QSr(T T') where T 1/(KRb KSr)

e exP[_(KSanNd)T] for the depleted mantle. The curves for the crust

= 2 AE and
€%
Nd,2
go to an extremum and then asymptotically approach zero. The inclusion of
the term exp[A(1-£)] for shorter-lived isotopes in the exact integral of

(2.52) will, of course, quantitatively alter the nature of these

results. The curve for egr 3 has a maximum at T = 7.5 AE and for much longer
’

" _ .
times ESr,3 « exp| KSrT]. Similarly the ENd,B curve for the crust has a

minimum at t = 21 AE and eNd,3 « - exp[—KNdT] for much longer times. These

solutions enable us to qualitatively understand the nature of the results for

more general cases of crustal growth with time. From these results we may
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Figure 2.4, egr 5 curvés for the bulk depleted mantle (2) and the bulk

s
crust (3) as a function of time T for a constant rate of growth of
the crust. Curves that give the same present-day egr values are
shown for both Model I and Model II and are identified by the

symbols I and II respectively. Note the marked difference in
behavior for egr aé a function of time T for the two models. Model I
is a straight line for both reservoirs and Model II starts out as

nearly a straight line for the crust but with a significantly

different slope. The curves for Model II are constrained to give

f§b/sr = -0.9 and fgb/sr = +2.18 today. The implied values of
_ ; ; 1id £
KppKg, and Ko are given. The systematics shown are valid for

decay systems with AT € 1 and (dr - ds) > 0.
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Figure 2.5. Elil‘d g curves for bulk depleted mantle (2) and bulk crust (3)
9

as a function of time 7 for a constant rate of growth of the crust.
The notation is the same as in Fig.2.4. The curves for Model II are
constrained to give fgm/Nd =+ 0.225 and fgm/Nd = -0.4 today. The
implied values of KSm—IS{d and IS‘Id are shown. Note that the curves
are reversed from those in Fig. 2.4 due to the change in sign of

Kr - KS. The systematics shown are valid for decay systems with

AT <1 and (_dr— ds) < 0.
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infer that for any continuous or multiepisodic mass growth of the crust,
the basic isotopic systematics for long-lived isotopes must follow those
outlined in Fig. 2.4 and 2.5. Note that for the case of episodic mass

growth €% _ will be discontinuous due to the factor £ outside of

d,3
the integral in equation (2.53). The value of 63 2 for the depleted mantle
b

r/s,.r/s
5 /%,

will still be continuous but will show changes in slope corresponding to
the discontinuities in the mass growth curve. The general case for
arbitrary mass transport is of course included in the exact basic
equations (2.50) to (2.53).

Galculations with Model II are more complex than with Model I
where the average age ) is independent of species. For the mantle

the following exact results have been obtained:

e, = Q) (6% = a0 5/, (2.75)

It follows that if e* 2('t) is known at T then (fr/S) is determined.
b

d 2
/s

and £I/° are known, then (dr-ds) is known from equation (2.50) and

%
€d,2 2
3 3 3 . * 3
1;/8 is determined. tr/s is the time required to generate Ed,2 with the

t/s is monotonic in this model, £, is the
2 r/s

shortest time in which differentiation could have occurred (as a single

If

present value of f;/s. As f

stage process). All possible crustal mass growth laws Mé(r) must satisfy

;/s and M3. The relationships are shown

schematically in Fig. 2.6. 1If decay schemes with very long-lived parents

the relationship between £

have l(dr-ds)MB/Mﬁ(o)l < 1 then they will all yield the same values of
1;/8 and no further information may be derived about the change of M,
with time from the different systems at one time 7. If two systems have

distinctive parameters (such as Rb-Sr and Sm-Nd) then they will have
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Figure2-5- Cartoon showing the relationship between the mean age of the

mass of the crust Zﬁ 3s the mass growth curve of the crust M,,
]

the enrichment factor of the depleted mantle f;ls, and the factor
E;/s. The upper diagram shows a mass growth curve where the crust

is formed in two stages with a mean age Zh 3 at time 7. The middle
b

diagram shows the corresponding change in fgls with time if

(dr—ds) = 100 and [M3(7)/M2(0)] = 0.0174. The difference between

= : = r/s
and IM,B is also indicated. If we know zr/s, f2 , and M,

today there is insufficient information to determine a unique solution

ki

r/s

for M_(&) and fr/S(E). In the lower part of the diagram some other
3 2

possible f;/s curves that give the same value for Z;/S are shown.

For a given curve f;ls with knowledge of (dr - ds) determines a

corresponding M, curve from equation (2.50). The area underneath the

3
r/s r/s .
[f2 (g)/f2 (t)] curve must be the same for all M3 curves with the

same value for f¥/s. z;ls is the shortest time in which differentiation

could have occurred as a single stage process and curve (a) shows

such an evolution. Curve (b) shows a possible continuous curve. The

r

dashed horizontal curve gives [(fz/s)/les] = [Z;/S/T]. All of

these curves in the lower figure are compatible with the'Z¥/s fixed by

the assumed model with M3(E) as given in the top and the fr/s

2 (t) value.
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different values of zr/s which will give more information about M3('r).
For N independent values of zr/s from N different decay schemes with
AT € 1, it is,in principle,possible to calculate models

of multiple stage mass evolution with time. For example, for an n stage

evolution we write

a exp[-u/X. 1]—1
- = 3 r/s i- _
;Cr/s i=l exp [-ar/s] - 1 (Ti Ti-l) (2.76)
where L 0, T, T Xn—l = 1, and xo = 0. The solutions for Xi may in
general not be a unique description of earth evolution. Here Xi_xi—l is

the fraction of M3(-r) made at time Ty and ar/s = (dr—dS)M3(t)/M2(0). Such
equations may be solved numerically for the Xi and L which must provide
simultaneous solutions for different zr/s values. In the degenerate case

when ar /s <1

n
r - 2.
Tope = 0% Bg O o) Ry

which is independent of r/s.
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CHAPTER 3. NEW DATA

3.1. CHONDRITES

Sm-Nd results for two carbonaceous chondrites (Murchison and
Allende), three ordinary chondrites (Peace River, Guarefia, and
St. Severin), and one achondrite (Juvinas) will be presented. Murchison
is classified as a CM2 chondrite which comprises the most abundant type
of carbonaceous chondrites. Allende is a CV3 chondrite and is considered
the petrologically most primitive class of carbonaceous chondrites. It
contains inclusions of high-temperature condensates, some of which have
the most primitive 873r/865r ratio so far found [Gray, Papanastassiou,
and Wasserburg, 1973], and inclusions which are isotopically anomalous
for Sm and Nd [McCulloch and Wasserburg, 1978a,b] as well as for other
elements. Peace River is an L6 chondrite which is a class that
constitutes the most abundant of ordinary chondrites. Guareia and
St. Severin are H6 and LL6 chondrites, respectively, which have been
extensively studied for Rb-Sr, U-Th-Pb, and I-Pu-Xe systematics because
of their high content of whitlockite [Wasserburg, Papanastassiou, and
Sanz, 1969; Wasserburg, Huneke, and Burnett, 1969; Lewis, 1975; Manhes,
Minster and Allégre, 1978]. Finally, Juvinas is a basaltic achondrite
which has a Sm/Nd ratio close to the average chondritic value and
apparently crystallized early in the history of a basaltic achondrite
parent body [Lugmair, 1974].

The long-lived isotope 147gm which decays to 143Nd is an
important tracer for chemical differentiation processes affecting the

REE and other large ion lithophile (LIL) elements during planetary
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evolution. The purpose here is to obtain an estimate of the average
solar system values for 1475m/144Nd and 143Nd/144N4 using chondrite
samples. Our ability to determine the solar values depends on whether
the solar nebula was initially isotopically homogeneous for the elements
of interest and whether we have samples of material which is chemically
unfractionated in Sm relative to Nd. Direct measurements of the
abundances of Nd and Sm in the sun have recently been made by Maier
and Whaling [1977] and Saffman and Whaling [1979] respectively. These
studies give log (ASm/ANd)(D = =0.46*0.25 from which we calculate
(147Sm/144Ndz3 = 0,22, From the summary of solar abundances by Ross
and Aller [1976], we get log (ASm/ANd)<D = =0.,51*0.6 from which we
calculate (147Sm/144Nd)(3 = 0.19. These values can serve as a guide in
the subsequent discussion.

The first survey of REE in chondrites [Schmitt, Smith, Lasch,
Mosen, Olehy, and Vasilevskis, 1963; Schmitt, Smith, and Olehy, 1964]
demonstrated a reasonable degree of consistency in relative abundances
of REE with an accuracy of about 10%. Later the isotope dilution
technique was applied to REE in chondrites [Gast, Hubbard, and Weismann,
1970; Schnetzler and Bottino, 1971; Masuda, Nakamura, and Tanaka, 1973;
Nakamura and Masuda, 1973; Nakamura, 1974; Evensen, Hamilton, and O'Nions,
1978] with the precision for individual REE considered to be 1 to 2%. The
concentration levels of REE in chondrites are fairly low (~0.6 ppm Nd)
and no measurements exist on chondrites for both 143Nd/144Nd and
147gy/1448g except for the very approximate data of Notsu and Mabuchi
[1975]. A 1% error in the Sm/Nd ratio adds an error of 1.1 parts in 104

to the 143Nd/14%4Nd ratio over 4.5 AE. Therefore, it is necessary to



51

measure both the 147Sm/144Nd and 143Nd/Mz‘Nd ratios with high precision
to establish a 143Nd/144Nd evolution curve. We are currently able to
routinely measure the 1478m/144Nd ratio with an accuracy of 0.5% and
the error added to a 143Nd/144Nd evolution curve from the measurement of
the Sm/Nd ratio is therefore insignificant (i.e., it is 6 parts in 106).
The first serious meteorite measurements were made by Lugmair, Scheinin,
and Marti [1975a], who chose a basaltic achondrite (Juvinas) which had a
147gy/ 144N4a isotope ratio close to the average chondritic value.
Therefore, if the source of Juvinas on the basaltic achondrite parent
body (BACH) did not have a long pre-history as suggested by Rb-Sr and
Sm-Nd internal isochrons for Juvinas [Allégre, Birck, Fourcade, and
Semet, 1975; Lugmair, 1974], this should give close to the correct values.
Lugmair et al. [1975b] used the Juvinas values as an approximation to

chondritic Sm—-Nd evolution.

3.1.1. Sm-Nd systematics of chondrites

The refractory lithophile elements Si, Mg, and Cr show a factor
of two fractionation relative to Al between individual chondrite classes.
This is most likely due to fractional condensation [Larimer, 1979]. The
isotope dilution measurements of REE patterns in chondrites referred to
above also indicate a large range of 147Sm/l44Nd from 0,183 to 0.236;
however, the averages of each class of chondrites show a smaller range in
147gy/144Nd, The averages of C, E, H, L, and LL chondrites are 0.196,
0.196, 0,195, 0.194, and 0.197, respectively. These values are all
within error of each other and identical to the less precisely known
solar value of (147Sm/144Nd)® = 0.2. The extent to which fractional

condensation processes have fractionated Sm relative to Nd of individual
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chondrite classes relative to each other and the average solar system is
not known. Clearly variation of a few percent in the Sm/Nd ratio can be
allowed for from the data. Much of the variation between individual
total rock samples must be due to sample heterogeneity rather than
differences between the parent bodies as different total rock samples of
a single meteorite may show a variation comparable to the range in
chondrites.

The chemical abundances in CI1 carbonaceous chondrites have a
special significance since they compare very closely with the abundances
of the condensable elements which can be reliably measured from studies
of the photospheric spectrum of the Sun. However, they are not pristine
samples of solar system condensate as they show the highest degree of
low-temperature alteration among the carbonaceous chondrites [McSween,
1979]. The average 147sm/144Nd of CI1 chondrites is 0.197 [Nakamura,
1974; Evensen et al., 1978] and is close to that of other chondrite
classes. They, however, do show a 6% range in 147gm/ 14484 (0.192 to
0.204) so it appears that a unique value cannot be obtained from these
objects. Other classes of chondrites also show variable degrees of
alteration and metamorphism. Thus only the consistency of results from
a variety of meteorite classes can tell us how well we can estimate the
average solar system values.

Some simple evolutionary histories of planetary objects that
condensed and accreted from the solar nebula are shown schematically in
Fig. 3.1. At T (about 4.6 AE ago) solid objects began condensing from
the solar nebula (SN), from which the planets and meteorites are

ultimately derived. The rate of growth of 143N4/144Nd in these planetary
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Fig. 3.1. Schematic representation of the evolution of 143Nd/ll*l*Nd with

time for chondritic and achondritic parent bodies. Solid objects
started to condense from the solar nebula (SN) at time T and
accreted to parent bodies at time Tp. Subsequent to Tp a part of
the parent bodies of achondrites may have differentiated at Tp
into crust and depleted mantle. At times Ty subsequent to Tp,
melts may be tapped from both depleted mantle (D1) and from

previously undifferentiated material (D2).
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objects may be different from the solar value due to variations in the
relative chemical abundances of Sm and Nd during condensation and
accretion. If a reservoir j is a closed system, then the evolution of
143Nd/144Nd as a function of time T is defined as Iﬁd(T) with I%d(O)
being the present-day value. The value of 14354/144Nd at any time in
in the past in reservoir j is

147g,\
-] (exp(AT) - 1) (3.1)

1Ty = T e) - Tha
where (147Sm/144Nd)g is the value in j today. Most meteorites come

from small planetary objects and have ages within ~0.1 AE of the time

of condensation from the solar nebula and provide important clues to

the Sm/Nd isotopic evolution of the solar system. The objects of
interest include meteorites which formed by melting processes on parent
planets such as achondrites and the more primitive chondrites which
appear to be aggregates of high- and low-temperature condensates from
the solar nebula. DePaolo and Wasserburg [1976a] introduced the acronym
CHUR ("chondritic uniform reservoir") for a bulk planet with 147 gn/144ng
and 143nd/144N4d isotopic ratios the same as in average chondrites.

The evolution of chondritic meteorite parent bodies is shown
schematically in Fig. 3.1; Planet A accretes at time Tp7 with an Sm/Nd
ratio lower than the solar value and Planet B accretes at time Tpy with
Sm/Nd higher than the solar value.

In contrast to chondrites, achondrites are fragments of planetary
crusts that began to form by partial melting at the time of early

chemical differentiation of a parent body (Tp) subsequent to the time of
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condensation and will show an evolution as is illustrated schematically
in Fig. 3.1. Magmatic rocks formed subsequent to Tp at Tx may be derived
from depleted mantle. There could be a 0.1 AE time difference between
planet formation and melting, which for a source region having an
enrichment factor £Sm/Nd = 40,2 would give 1.0 e-units difference from

the solar value of the 143Nd/144nd growth curve at the time of melting.

3.1.2. Results

The Sm—-Nd results are given in Tables 3.1 and 3.2 and Fig. 3.2.
Note that all non-radiogenic isotope ratios are within error of the
grand mean of terrestrial normals and lunar samples measured in this
laboratory [Papanastassiou et al., 1977]. There are thus no widespread
isotopic anomalies in Nd for bulk chondrite samples to within
*0.5 e-units. For Sm we routinely measured all isotopes except
150gy and 144Sm and confirmed that 149sm/13%sm and 192sm/15%4sm are
within error (#1.0 e-units) the same as the terrestrial values.

The absence of any neutron capture effects on 149Sm is consistent with
the short exposure ages of these meteorites [Eugster et al., 1970; Russ
et al., 1971]. This justifies the use of 14354/144Nd and 147 sm/1%44Nd
isotope ratios calculated from spiked runs using the grand mean values
of terrestrial normals for Sm and Nd isotopic compositions.

The data in Table 3.1 are shown on a Sm—-Nd evolution diagram
relative to a reference line with a slope corresponding to an age of
~4,6 AE. A variety of chondrites and the achondrite Juvinas lie
within *0.5 e-units of the reference line shown. This conclusion
is insensitive to the particular choice of age in a plausible neighborhood
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